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ABSTRACT 
Cooling system for supermarkets, now-a-days in developing countries like India, mainly uses man-made 
synthetic refrigerants/mixtures such as R134a, R404A and R410A (HFCs). These fluorinated refrigerants possess an 
outrageous impact on the environment/ambient due of their high GWP and ODP. The EU F-gas regulation is 
formulated recently and came into force in 2014 in order to limit the usage of synthetic refrigerants for various HVAC 
applications. Under this rule, it is likewise illegal to air out any such synthetic refrigerants to the atm during the system 
servicing or end-of-life decommissioning. Sudden phase down of HFCs forced the present scenario to identify a 
potential replacement of these synthetic refrigerants. The influence of the same is comparatively high for developing 
countries. In the present study, the performance of a multi-ejector based supermarket cooling system is experimentally 
evaluated using natural refrigerant carbon dioxide (CO2). 33 kW cooling capacity of the system which is capable of 
maintaining three simultaneous different temperatures such as -29 °C for freezing, -6 °C for refrigeration and 7-11 °C 
for air-conditioning is examined at high ambient temperature context (up to 46 ºC gascooler outlet temperature). The 
maximum COP of the supermarket cooling system appeared as 4.2. It is also observed that the maximum exergy 
efficiency of the system is 0.316 obtained corresponding to 3.2 PIR of the system. 
Keywords: Ejector; CO2; Supermarket; HFCs; PIR. 
1. INTRODUCTION 
Revival of interest in the natural working fluid such as carbon dioxide (CO2) for the supermarket cooling 
application in recent years is triggered by environmental concern of high GWP of the synthetic refrigerants being used 
in HVAC systems. It was observed that researchers found no logic behind further evolving a new class of synthetic 
refrigerants. Nevertheless, increasing demand for thermal comfort and living standards led to a rapid growth in the 
use of cooling and heating systems. Natural refrigerant such as CO2 with ejector based technology appeared as a viable 
solution to fulfill the increasing demand of air conditioning, domestic water heating and residential space heating 
demand (Milazzo and Mazzelli, 2017). Ejector being considered as the most reliable solution for progressive 
improvement in the overall performance of the CO2 cooling system with limited maintenance and low operational cost 
(Banasiak et al., 2012). Improving the overall efficiency, supermarket application is a matter of concern now-a-days 
for developing countries like India by replacing synthetic refrigerants with natural (Singh and Dasgupta, 2017). 
 Various studies were reported regarding the use of CO2 system for various applications especially 
supermarkets. Various studies have reported, comparing the performance of conventional refrigerants and CO2 
refrigerant for supermarkets and improvement in performance (Girotto et al., 2004), (Cecchinato et al., 2010), (Sharma 
et al., 2014). A supermarket application based software such as “SuperSim” was also developed to evaluate the 
performance of the system for various ambient conditions (Ge and Tassou, 2011a, 2011b). Effect of cascading with 
CO2 refrigerant with other combination of refrigerants was also analyzed (Da Silva et al., 2012). A study was reported 
in order to fulfil simultaneous heating and cooling demand with a CO2 system (Sawalha, 2013). Five supermarkets 
installed between the year 2007 to 2010 in Sweden were studied. Using the field measurements, it was observed that 
the CO2 system consumed 11% less energy as compared to the conventional cooling systems. It was concluded that 
the CO2 system is more energy efficient solution for supermarkets for a colder climate (Sawalha et al., 2017). 
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2. SUPERMARKET DESCRIPTION 
A fully instrumented CO2 test facility of 33 kW cooling capacity is designed for supermarket application to 
maintain three different temperatures such as for freezing (-29°C), refrigeration (-6°C) and air conditioning (7-11°C). 
The test facility is also equipped with a heat recovery system with a water - glycol solution to maintain a constant heat 
load demand (Figure 1). 
 
Figure 1: Supermarket facility. 
Load of medium temperature (MT) and low temperature (LT) evaporators on the water side are controlled 
by manually controlled EEV installed before the suction port to the evaporators. However, AC evaporator temperature 
is controlled by receiver pressure. Two glycol loop circuits are arranged with different glycol concentrations; 42% for 
MT & AC load and 56% for LT load. Shell-tube design evaporator and air-cooled gascooler with tube-fin design is 
installed in the supermarket facility. Three compressors are arranged, LT & MT compressors and an additional AUX 
compressor is installed to handle high amounts of flash gas from the receiver which also enables the parallel 
compression operation. Three separate inverters are installed to control the compressor motor frequency automatically.  
Two ejectors are installed with low ejection ratio ejector (LERE), high ejection ratio ejector (HERE). One 
liquid suction accumulator is also installed in order to provide an excess feed to over feed the evaporators throughout 
the year. Temperature sensors, pressure sensors and energy meters are installed at various locations to evaluate the 
performance of the system and examine the various parameter variations. The system facilitates both manual and 
automatic optimization of gascooler pressure with gascooler outlet temperature. The facility also has a manual 
operated controller to change the air speed of the gascooler fans.  
For safety purpose, the test rig has five high pressure safety valves for various system pressure levels in the 
test facility which further connect with a single overhead discharge line. Two CO2 refrigerant charging ports and two 
glycol charging ports are arranged at the facility. Operating panel is used to feed the required CO2 parameters for the 
experimental operation and glycol side load is maintained using manual controller. Manually operated ball valves are 
installed to configure internal heat exchanger (IHX) and sub cooler in the system for the required operation. Number 
of air purges are available in glycol loop line to extract the air bubbles from the system. The test - rig also can work 
seven different modes of operation and it is designed in order to evaluate various possible configurations for 
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Figure 2: Schematic of the CO2 supermarket facility. 
 
Figure 3: P-h and T-s plot of the supermarket operational mode. 
Figure (2) shows the detailed schematic of the CO2 supermarket facility projecting various components 
installed in the test system. Among the seven different available modes, Figure (3) shows the typical supermarket 
operational mode of the test facility for the present study along with its corresponding states during the operation. 
Description of various states obtained during the operation is tabulated in Table (1). 
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Table 1: Description of various state of supermarket operation. 









Gas cooler exit 
Ejector primary nozzle suction 
Ejector mixing chamber 
Ejector discharge 
Receiver discharge (vapor side) 
AUX compressor discharge 
Receiver discharge (liquid side) 









AC evaporator discharge 
Ejector secondary nozzle suction 
MT evaporator suction 
MT evaporator discharge 
LT evaporator suction 
LT evaporator discharge 
LT compressor discharge  
MT compressor discharge 
3. PERFORMANCE EVALUATION 
The performance of the supermarket test facility is evaluated for various gascooler outlet temperature after 
achieving the steady state which needs ~45 minutes. Hourly based data extracted for a required single gascooler outlet 
temperature and averaged value of the various parameters is used for the calculation. The range/value of various 
parameters used during performance evaluation is tabulated in Table (2).   
Table 2: Parameters used for performance evaluation. 
Operating parameter Units    Value/Range 
Gascooler outlet temperature °C 36, 41, 46 
Gascooler outlet pressure bar 80 to 120 
AC evaporator temperature °C 7 to 11 
MT evaporator temperature °C -6 
LT evaporator temperature °C -29 
Receiver pressure bar 44 
Performance of the multi-ejector based CO2 cooling system for supermarket application at high ambient temperature 
is computed using Eqs. (1-7).  
Evaporator load of the system is computed using Eq. (1). 
?̇?𝑒𝑣𝑎𝑝 = 𝑣𝑜𝑙̇ ∗ 𝜌 ∗ 𝑐𝑝 ∗ (𝑇𝑒𝑣𝑎𝑝_𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝_𝑖𝑛)                                               (1) 
The heat recovery from the system is computed using Eq. (2). 
?̇?ℎ𝑟 = 𝑣𝑜𝑙̇ ∗ 𝜌 ∗ 𝑐𝑝 ∗ (𝑇ℎ𝑟_𝑜𝑢𝑡 − 𝑇ℎ𝑟_𝑖𝑛)                                                (2) 




                                                                    (3) 




                  (4) 




            (5) 
where, for heat recovery (HR):    
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𝐵𝑒𝑥,𝑖 =  ?̇?𝑒𝑥,𝑖 ∗ (1 −
𝑇𝑎𝑚𝑏
𝑇𝑢𝑡,𝑖
)    
and for refrigeration (AC, MT & LT) 




Heat transfer is computed using Eq. (6). 
?̇?𝑒𝑥,𝑗 =  𝜌𝑗 ∗ ?̇?𝑗 ∗ ∆ℎ𝑗          (6) 
 







    (7) 
where, 𝑃𝑖,𝑐 =  
?̇?𝑒𝑥
𝑇𝑢𝑡,𝑖
∗ (𝑇𝑎𝑚𝑏 − 𝑇𝑢𝑡,𝑖)     
4. RESULTS AND DISCUSSION 
In order to achieve the main objective of the present study, the performance of the supermarket is evaluated 
at high ambient condition (36 ºC, 41 ºC and 46 ºC). The average mass flow rate of water-glycol solution for each 
evaporators and heat recovery of the test facility at various gascooler temperature are tabulated in Table (3).  
Table 3: Mass flow rate of water-glycol solution. 
Heat exchanger 
Gascooler Outlet Temperature 
36 oC 41 oC 46 oC 
Evaporators  
MT (kg/s) 0.146 0.038 0.041 
LT (kg/s) 0.300 0.300 0.186 
AC (kg/s) 0.585 0.584 0.495 
Heat Recovery           HR (kg/s) 1.096 1.066 0.985 
 
 





































Gascooler Outlet Temperature (oC)
Pressure lift Heat Recovery
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The pressure lift provided by the two-phase ejector and heat recovery by the system as the function of 
gascooler outlet temperature is shown in Figure (3). Heat recovery through the system is also projected. It is observed 
that as the gascooler pressure corresponding to gascooler outlet temperature increases the pressure lift increases. 
Increase in vapor generated in the receiver with increasing gascooler temperature, further results in an increased mass 
flow rate though the motive nozzle of the two-phase ejector. Also, with increasing gascooler pressure the motive 
pressure of the two-phase ejector increases, which further enhance the momentum in ejector. The combination of these 
two phenomena increases the pressure life generation by the two-phase ejector with increase in gascooler outlet 
temperature. It is observed that maximum 34.5 kW heat can be recovered at a high gascooler exit temperature (46ºC).       
 
Figure 4: COP with gascooler outlet temperature. 
Figure (4) shows the COP (system and cooling) of the supermarket test facility at various gascooler outlet 
temperature. System COP projected is high as compare to cooling COP as it also incorporated the effect of heat 
recovery from the CO2 supermarket facility. Traditional trend is observed, as the gascooler outlet temperature increase, 
COP decreases. The maximum CO2 system and cooling COP are 4.2 and 2 respectively.   
 
Figure 5: Exergy efficiency and PIR of the system with gascooler outlet temperature. 
Figure (5) shows the exergy efficiency and Power Input Ratio (PIR) of the CO2 system at various gascooler 
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exergy losses from the various system components. PIR reflects the total consumption by the system which 
incorporates all energy consuming components. However, as the PIR of the system decreases due to reduction in 
energy consumption by the system, the Exergy efficiency increases. Maximum exergy efficiency of 0.315 of the 
system is obtained corresponding to 3.2 PIR of the system at 46 ºC gascooler outlet temperature.                
5. CONCLUSIONS 
An experimental study carried out for a supermarket facility in order to evaluate the performance of multi-
ejector based CO2 cooling system at high climatic context (36 to 46ºC). The following conclusions are drawn from 
the present study.  
➢ A pressure lift of 3 bar is obtained at 46 ºC by the two-phase ejector. 
➢ Maximum system COP and cooling COP are obtained as 4.2 and 2 respectively at 36 ºC.  
➢ It is observed that maximum 34 kW heat can be recovered at a high gascooler outlet temperature (46 ºC). 
➢ The maximum Exergy efficiency of the system is 0.315 obtained corresponding to 3.2 PIR of the system 
at 46 ºC gascooler outlet temperature. 
6. FUTURE PROSPECTIVE 
A comparative analysis will be carried out with the results obtained from the present experimental study and the 
synthetic refrigeration system with the support of field data in order to project the actual scenario of both technologies.     
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Acronyms 
HR  Heat recovery 
P  Power consumption 
PIR  Power Input Ratio 
WD  Work done 
Greek Symbols 
ρ  Density 
η  Efficiency 
µ  Entrainment ratio 
Nomenclature 
𝑐𝑝   Specific heat   (W kg
-1 K-1) 
h  Enthalpy  (kJ kg-1)   
?̇?  Mass flow rate  (kg s-1) 
?̇?  Heat transfer rate  (kW) 
T  Temperature  (°C) 
𝑣𝑜𝑙̇ , ?̇?  Volume flow rate  (m3 s-1) 
W  Work    (W) 
Subscript and Superscript 
amb  Ambient 
act  Actual 
comp  Compressor 
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evap  Evaporator 
ex  Exergy 
gc  Gas cooler 
hr  Heat recovery 
in  Inlet 
out  Outlet 
ut  heat source  
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